ABSTRACT: Perovskite/Si tandem solar cells have the potential to considerably out-perform conventional solar cells. Under standard test conditions, perovskite/Si tandem solar cells already outperform the Si single junction. Under realistic conditions, however, as we show, tandem solar cells made from current record cells are hardly more efficient than the Si cell alone. We model the performance of realistic perovskite/Si tandem solar cells under real-world climate conditions, by incorporating parasitic cell resistances, nonradiative recombination, and optical losses into the detailed-balance limit. We show quantitatively that when optimizing these parameters in the perovskite top cell, perovskite/Si tandem solar cells could reach efficiencies above 38% under realistic conditions, even while leaving the Si cell untouched. Despite the rapid efficiency increase of perovskite solar cells, our results emphasize the need for further material development, careful device design, and light management strategies, all necessary for highly efficient perovskite/ Si tandem solar cells. O wing to the rapid increase in power conversion efficiency, metal-halide perovskite solar cells have become an auspicious candidate for cost-efficient tandem solar cells in combination with highly optimized Si solar cells.
O
wing to the rapid increase in power conversion efficiency, metal-halide perovskite solar cells have become an auspicious candidate for cost-efficient tandem solar cells in combination with highly optimized Si solar cells. 1−7 In a tandem configuration, a perovskite cell is stacked on top of a Si cell to absorb the high-energy part of the solar spectrum, whereas the transmitted light is absorbed in the Si bottom cell. In doing so, the theoretical Shockley-Queisser limit, based on detailed balance, can be increased from 34% for a single-junction solar cell to 45% for a tandem solar cell from two subcells. 8−11 Numerous perovskite/Si tandem solar cells have been reported in series-connected, four-terminal, and module tandem configurations, increasing the efficiency of the Si subcell alone. 12−20 With a record efficiency of 26.4%, 21 perovskite/Si tandem solar cells almost match the current record efficiency of Si solar cells of 26. 7% . 22 Yet, even the best perovskite/Si tandem solar cells show only around half the efficiency of the detailed-balance efficiency limit. The efficiency is reduced due to parasitic absorption, nonradiative recombination (J NR ), undesirable series resistance (R S ) and shunt resistance (R SH ), and optical losses. Furthermore, we recently showed that the power conversion efficiency of perovskite/Si tandem solar cells is strongly affected by the considered tandem configuration, spectral variations, and temperature changes. 23 Using empirical models, it was shown that the energy yield potential of monolithically integrated perovskite/Si tandem solar cells electrically connected in series are stronger effected by outdoor conditions than the four-terminal tandem configuration. 24, 25 These considerations show that the interplay of real-world climate conditions and realistic solar cell parameters has to be considered for an approximation of the performance of these cells. Numerical optical simulations have shown that parasitic absorption losses in the perovskite top cell are one of the main limiting factors influencing the tandem efficiency and that perovskite/Si tandem solar cells require careful photon management for optimum device performance.
26−30 Numerical models can provide deep insight into the working principles of perovskite/Si solar cells, 31 however, they require detailed knowledge about the specific device stack, rendering them unfavorable for fast characterization of the energy yield of tandem devices. Analytical models have been developed for perovskite solar cells and perovskite/Si tandem solar cells, showing the effect of device parameters such as nonradiative recombination, optical-thickness, and parasitic resistances and on the tandem efficiency. 32, 33 So far, however, a simple analytical model to understand the behavior of realistic perovskite/Si tandem solar cells under measured outdoor conditions is lacking.
Here we develop a simple, generic, and transferable model to simulate state-of-the-art perovskite solar cells by combining an optical model based on EQE measurements with an analytical electrical model based on current−voltage characteristics to predict the behavior of realistic perovskite/Si tandem solar cells under realistic conditions. This model provides clear guidelines to characterize and optimize perovskite/Si tandem solar cells by quantitatively including physical parameters such as nonradiative recombination, parasitic resistances, and optical losses into the detailed-balance model. Together with Si bottom cells, we simulate realistic perovskite/Si tandem solar cells under real-world climate conditions to predict the potential power yield. We show that the power conversion efficiency of perovskite/Si tandem solar cells is hardly better than that of the single-junction Si solar cell under realistic conditions, even when using the best available perovskite and Si solar cells to date (efficiency advantage <1.5% absolute). We also find that the three tandem connection schemes (connected electrically in series, on the module level, or as independent four-terminal devices) show almost identical efficiency values (<1.5% absolute difference). Only when reducing the parasitic absorption in the contacts do the tandem solar cells start to out-perform the single-junction Si cell by 1.8−3.3% absolute. Finally, we show how a reduction in nonradiative recombination, optimized series and shunt resistance, and a reduction in optical losses for the perovskite cell could boost the efficiency advantage of the tandem cell up to 14.0% absolute (13.3% absolute for series tandem) compared to the single-junction cell. For these optimized cells, the connection scheme, as well as the climate conditions, become more important compared to nonoptimized cells.
Including realistic solar-cell parameters such as nonradiative recombination and parasitic resistances into the detailedbalance limit calculations allows for simulating realistic solar cell performance under real-world climate conditions (temperature, irradiance, and spectrum). In the detailed-balance limit, all recombination is radiative, all light above the bandgap is absorbed, and there are no optical losses (external quantum efficiency (EQE) = 1). Knowledge of the bandgap, temperature, incoming spectrum, and intensity then allows calculating the limiting efficiency of a solar cell. We extend the detailedbalance calculations to include nonradiative recombination, series resistance, shunt resistance, and the fact that not all light above the bandgap leads to photocurrent (optical losses, EQE < 1). The current−voltage characteristics is then given by 
where the first two terms correspond to the detailed-balance limit extended to include series resistance. Here J is the total current density generated by the solar cell, J G is the generated photocurrent density, J R is the radiative recombination darksaturation current density, q is the elementary charge, V is the applied voltage, k B is the Boltzmann constant, and T is the temperature of the cell. The third term corresponds to the Auger recombination current density with its dark-saturation current density J A and an ideality factor of 2/3. The fourth and the fifth terms correspond to nonradiative recombination current densities with the corresponding dark-saturation current densities J NR,1 and J NR,2 and ideality factors of 1 and 2, respectively, and the last term is due to shunt resistance (see Supporting Information (SI) S1 for a full description of the model). We note that in reality, the ideality factor that corresponds to a specific recombination channel is not a constant. Changes in temperature, irradiance, and spectrum can result in a variable ideality factor, e.g., by changes in the surfaceand bulk recombination, leading a different dependence on real-world climate conditions. While efficiencies up to 22.1% have been reported for very small cells, 34 we model perovskite and Si solar cells based on current record efficiency devices ≥1 cm 2 to get more realistic values for the device resistances. 35, 36 The highest certified efficiency for those larger-area cells is 19.7%. 22, 34 We note that due to the large sheet resistance in the transparent contacts, smaller area perovskite devices usually show higher efficiencies than larger area devices. 34 To simulate real-world climate conditions we use solar spectra, irradiance, and temperatures measured in Utrecht, The Netherlands 37 and in Denver, Colorado, US 38 in 2015 at an interval of 30 min during daylight hours.
We fit our model to the current−voltage characteristics of record-efficiency perovskite and Si solar cells as shown in Figure 1 . We include different mechanisms for nonradiative recombination for the Si and perovskite subcells. To model the Si cell, we take Auger 39 recombination (J A ) and a nonradiative diffusion current of minority carriers (J NR,1 ) into account. Since most of the perovskite layer is depleted, 40−42 we assume the dominating recombination mechanism to be recombination from the space charge region (J NR,2 ). As a result, the dark current of the perovskite and the Si solar cell have different dependences on temperature, irradiance, and applied voltage (see SI S2 and S3 for details). The fitted parasitic resistances and dark current densities are summarized in Table 1 . Optical losses such as reflection and parasitic absorption are included by fitting the EQE of the record Si and perovskite subcells. To account for the transparent contact of the perovskite top cell, we (optimistically) assume that it absorbs 10% of the incoming light prior to reaching the Si subcell, with additional absorption in the blue-UV region of the spectrum (see SI S4). 20 Using these modeled perovskite and Si subcells, we calculate the efficiency for current-matched series, voltage-matched module, and unconstrained four-terminal tandem assembly strategies following previous work 23 (see SI S4 for details). The 36 The fit parameters are summarized in Table 1 .
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Letter current record perovskite solar cell is based on a formamidinium lead iodide and methylammonium lead iodide mixture with a bandgap of 1.49 eV. 35 The ideal bandgap for a seriesconnected tandem solar cell with Si as a bottom cell is 1.74 eV, 43, 44 we therefore set the optical thickness of the perovskite top cell to 82% in order to current-match the perovskite top cell and the Si bottom cell. An increase in the perovskite bandgap would lead to an optically thicker perovskite layer (see SI S5). For the module tandem, the ratio between the number of perovskite top cells and Si bottom cells was set to 1/1.39 in order to voltage-match one perovskite top cell with 1.39 Si bottom cells. We calculate the efficiencies of single-junction cells and different tandem configurations under standard test conditions (AM1.5G, 1 kW/m 2 , 25°C) and under real-world climate conditions averaged over an entire year (see Table 2 ). The average efficiency is weighted with the incoming intensity, to allow for a calculation of the integrated power conversion efficiency over the year.
Rather surprisingly, combining record efficiency perovskite and Si solar cells in a tandem configuration would increase the efficiency only marginally compared to the single-junction Si solar cell alone. In fact, in the series tandem configuration, the efficiency is reduced by 0.3% absolute in The Netherlands, due to the stronger dependence on the incoming spectrum and irradiance. For this tandem configuration, the additional power generated in the perovskite top cell does not outweigh the losses introduced by placing the perovskite cell on top of the Si cell. We note that the difference between the different tandem configurations is less than 1.3% absolute, lower than expected from ideal cells. The losses compared to ideal cells are caused by shading part of the light from the Si cell in the perovskite solar cell contacts, but also from electrical losses as the electrical characteristics of the perovskite cell are not as highly optimized as those of the Si cell. These effects counteract some of the tandem specific losses due to spectrum and temperature changes, rendering the different tandem configurations similar in efficiency.
The efficiency of Si solar cells and perovskite/Si tandem solar cells as a function of solar irradiance, for ideal cells (Figure 2a) and with realistic solar cell parameters such as J NR , R S , and R SH (Figure 2b) shows that the difference in efficiency between ideal and realistic cells is most prominent in the low-intensity region. Crucially, electrical losses are particularly harmful at low light intensity and are hence typically underestimated when the solar cells are evaluated under standard test conditions. The strong decrease in efficiency at low irradiance is due to unfavorable R SH , whereas the effects of R S and J NR are more prominent at high irradiance (see SI S6). In the following, we will examine how optimizing the parameters of the perovskite cell, such as parasitic absorption in the contacts, improving the electrical characteristics, and eliminating all optical losses, can lead to a massive increase in efficiency compared to both the single-junction Si cell, and the tandem cells made from state-ofthe-art subcells.
Assuming no parasitic absorption in the transparent contact of the perovskite cell leads to an increase in the efficiency of tandem solar cells between 1.8 and 3.3% absolute compared to the Si cell alone, depending on the considered tandem configuration and location. This increase stems from the increased current in the Si subcell. While this scenario might be unrealistic for typical transparent contacts, novel contacting schemes as well as nanowire contacts have been proposed to reduce the overall optical losses in the transparent contact.
45−50
For simplicity, we assume no parasitic contact absorption in the perovskite top cell in the following discussion.
To understand the most practical ways to increase the efficiency of perovskite/Si tandem solar cells, we systematically change the parameters J NR , R S , and R SH of the perovskite top cell in our model (Figure 3) . For each calculation, the layer thickness of the perovskite top cell for the series tandem, and 
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Letter the ratio of Si to perovskite cells for the module tandem were optimized for maximum efficiency. Reducing the nonradiative recombination to 1 fA/cm 2 of the perovskite subcell leads to a strong increase in power-conversion efficiency of up to 4.4% absolute. Optimizing parasitic resistances can further increase the efficiency by up to 1.3% absolute for R S = 0 Ω cm 2 and up to 2.0% absolute for R SH = 10 000 Ω cm 2 . These changes in efficiency are different for the different tandem configurations. Due to the nonideal perovskite bandgap of 1.49 eV for the record perovskite solar cell, 35 the series tandem gains the least in efficiency by optimizing the perovskite subcell compared to the module and the four-terminal tandem. This is especially evident when optimizing J NR and R S of the perovskite top cell, where the module and the four-terminal tandem gain about 0.5% absolute more in efficiency than the series tandem. The reduction of nonradiative recombination is slightly more beneficial for the four-terminal tandem than for the module tandem since the module tandem is subject to voltage-matching. However, the module tandem benefits notably more from a decrease in R S since a change in R S strongly changes the slope of the current−voltage characteristic close to the open-circuit voltage.
So far we used the EQE of the record cells to account for optical losses due to reflection, parasitic absorption, and potential electrical losses. Assuming an ideal EQE of 1 for the perovskite subcell, the efficiency of the tandem cells can be further increased by about 0.4% for the series tandem and about 2.7% for the module and the four-terminal tandem. The series tandem is much less affected since the gain in current in the perovskite cell here is balanced by less light that it transmitted to the Si cell. For the module and four-terminal tandem cell, the perovskite cell was optically thick to start with, so the additional EQE gain is almost exclusively a current gain for the overall tandem cell.
After optimizing the perovskite subcell, there is a strong difference in efficiency between the series tandem, and the module and four-terminal tandem using a perovskite top cell with a nonideal bandgap of 1.49 eV, due to the need for a semitransparent perovskite layer. This difference in efficiency between the tandem configurations almost vanishes by using a perovskite cell with an ideal bandgap of 1.74 eV.
Taken together, optimizing the perovskite cells can lead to an efficiency advantage of a tandem cells up to 13.3% absolute for the series tandem and 14.0% absolute for the four-terminal tandem, even when leaving the Si cell untouched (Figure 4) , reaching efficiencies up to 39.0%. When optimized, the perovskite solar cell alone has an efficiency of 32.1% for a nonideal bandgap of 1.49 eV, and 28.4% for the ideal bandgap of 1.74 eV under standard operating conditions (see Figure S17 in the SI for details).
How much of this efficiency improvement is realistic for perovskite solar cells? While this question is difficult to answer in such a dynamic research field, it is sensible to consider the progress of other solar cell materials. The high series resistance of the perovskite solar cell can be reduced close to zero by optimized electrical contacts, e.g., including metal fingers. The shunt resistance has successfully been optimized to very high values for most established thin-film and Si solar cells. 51, 52 Progress in optical performance, and in reducing the nonradiative recombination is more difficult to predict, but we note that Si and GaAs cells have been optimized optically to achieve >95% EQE over a very broad spectral range, 36, 53 and that the high radiative efficiency of some perovskite mixtures give reason to be optimiztic about reducing the nonradiative recombination. 54 In addition to the record efficiency Si solar cell, we also simulate the performance of a tandem cell with a lowerefficiency Si cell that is commercially available, a Sunpower solar cell with an efficiency of 22.5%. As above, we use the record perovskite solar cell with a bandgap of 1.49 eV in a tandem configuration. The efficiency of the tandem cell is between 1.4 and 3.9% absolute higher compared to the Sunpower cell alone, less than expected for standard test conditions (2.7−4.4%). Optimizing the perovskite top cell leads to an efficiency advantage of 16.1% (15.0% for the series Figure 3 . Effect of optimizing (a) nonradiative recombination (J NR ), (b) series resistance (R S ), and (c) shunt resistance (R SH ), of the perovskite top cell on the intensity-weighted power conversion efficiency over a year for the three perovskite/Si tandem configuration calculated using solar spectra and temperatures measured in Utrecht, The Netherlands. 37 The dashed line indicates the performance of the Si bottom cell at standard test conditions. The calculations assume no parasitic absorption in the perovskite cell contacts. Figure 4 . Effects of parasitic contact absorption losses (PCA), nonradiative recombination (J NR ), series resistance (R S ), shunt resistance (R SH ), and optical losses (OL) on the intensity-weighted power conversion efficiency over a year for the three perovskite/Si tandem configurations, calculated using standard test conditions (STC) and solar spectra and temperatures measured in Utrecht, The Netherlands (NL) 37 and in Denver, Colorado (CO). 38 The empty circles indicate the efficiency of the Si bottom cell alone. The filled circles indicate the tandem efficiency when using an optimized perovskite top cell with an ideal bandgap of 1.74 eV.
Letter tandem) absolute compared to the Sunpower cell alone, reaching efficiencies up to 37.0% (see SI S7 for details). These results show that a less efficient Si cell is somewhat easier to improve when using it in a tandem cell.
The efficiencies for the tandem configurations are different for the different locations. The Netherlands comprises a larger fraction of low-irradiance solar spectra throughout the year compared to Colorado. 23 This difference in irradiance leads to a higher annual-averaged power conversion in Colorado than in The Netherlands (Figure 2 ). For the same reason, the reduction of J NR and the improvement of R S have a larger effect in Colorado, whereas the increase R SH has a larger effect in The Netherlands.
We simulated realistic perovskite/Si tandem solar cells under real-world climate conditions. Our results show that, even with the current record efficiency perovskite and Si solar cells, a tandem cell would only marginally improve the efficiency of the Si cell alone under realistic operating conditions. For the series tandem cell, the efficiency of the tandem configuration can even be lower than the single-junction Si cell. When all parasitic absorption in the transparent contacts of the perovskite cell is reduced, the advantage in efficiency for the tandem cells amounts to 1.8−3.3% absolute compared to the Si single− junction cell. This is far less than expected for ideal cells under ideal conditions, as the realistic cells are also more sensitive to the local climate conditions, in particular, the average irradiance. We show that further optimizing parasitic cell resistances, nonradiative recombination, and optical losses of the perovskite top cell can boost the efficiency advantage of the tandem cells by up to 12.9% absolute when using the nonideal bandgap of 1.49 eV, surpassing the single-junction Shockley− Queisser limit for all three tandem configurations under realistic operation conditions. This efficiency advantage can be further increased to 14.0% absolute when using the ideal perovskite bandgap of 1.74 eV. We show that reducing the nonradiative recombination, optimizing electrical nonidealities, and optical losses all have a large potential for efficiency gain. Optimizing the perovskite cell also leads to an increased efficiency difference between the series-connected tandem cells and the four-terminal and module tandem cells.
Perovskite cells have shown breathtaking development in efficiency in recent years. Yet, our results highlight the need for a concerted effort in material development (reducing nonradiative recombination and tuning the bandgap), device design (optimizing cell resistances), and light management strategies (reducing optical losses and developing transparent contacts) to further increase the efficiency of perovskite cells, and develop highly efficient perovskite/Si tandem solar cells.
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